The two-way coupling of full-scale vehicle motion and the surrounding turbulence motion has been realized on a developed unsteady aerodynamic simulator for a road vehicle. A large-eddy simulation (LES) technique has been applied to reproduce the unsteady turbulence motion, and an unstructured finite volume method has been adopted to explain the complicated geometry of a full-scale road vehicle.
Introduction
In the vehicle development process, the aerodynamic performance of a vehicle is evaluated using a steady or quasi-steady analysis. However, considerable attention needs to be paid to the unsteady aerodynamic effects on vehicles. Some of the typical cases in which the understanding of unsteady aerodynamics is crucial are as follows: the effects of atmospheric turbulence on the aerodynamic drag, running stability under gusty crosswind conditions, and driving stability in a high-speed condition. In all cases, the problem that we face is strongly related to the correlation between the ideal steady measurement in a wind tunnel and the real unsteady condition on the road.
In the past four decades, a number of experimental studies on the running stability of a vehicle under a gusty crosswind condition have been conducted [1] [2] [3] . In the previous literature, a significant overshoot of the yaw moment has been reported when the vehicle is subjected to a gusty crosswind.
However, the effects of such unsteady aerodynamics on the vehicle's direct motion, particularly with respect to its safety, have not yet been thoroughly and quantitatively clarified. In fact, in the current analyses of vehicle motion [4] , the aerodynamic forces included in the vehicle's motion equations are still considered quasi-steadily because of the fact that the estimation of the unsteady aerodynamics by wind-tunnel measurements or on-road tests is fundamentally difficult. A large-eddy simulation (LES) is a promising candidate for the estimation of the transient aerodynamic forces acting on a vehicle [5] .
Hence, we have developed a numerical method based on LES for estimating the unsteady aerodynamics of a road vehicle and have applied this method to some cases in which conventional windtunnel or on-road measurements are difficult to use [6] [7] [8] . The computational code was based on an unstructured finite volume method in order to treat a full-scale road vehicle with very complicated geometry. Two moving boundary techniques, a sliding grid method applied in [6] and an arbitrary Lagrangian-Eulerian (ALE) method [9] applied in [8] , were integrated into the code in order to consider the vehicle's motion.
In this study, the developed numerical method has been extended by coupling it with three-degreeof-freedom equations of the vehicle's dynamic motion and a driver's reaction model, in order to consider the interactions between the vehicle motion and the vehicle aerodynamics. As an additional moving boundary technique to represent the large displacement caused by the translational motion of the vehicle, Navier-Stokes equations in a non-inertial reference frame was incorporated into the proposed method. This method was used in combination with the ALE method, which was applied for estimating the rotational motion. The coupled analysis of a full-scale vehicle required not only large-scale computational grids for representing the vehicle's complicated geometry but also long-term aerodynamic simulations for considering a time scale of the vehicle motion that was longer than the time scale of the turbulence around the vehicle. To satisfy the demands of such a high computational cost, the computational code was optimized for a massively parallel processor.
As an application of the developed numerical method, the coupled analysis of unsteady aerodynamics and vehicle motion [10] has been demonstrated in the case when a heavy-duty truck is subjected to sudden crosswind and the truck subsequently changes its pathway because of the transient aerodynamic forces acting on it. To identify the effects of unsteady aerodynamics on the vehicle motion, the fully coupled simulation results have been compared with the results obtained by using conventional quasi-steady aerodynamics. Finally, the effects and the importance of the unsteady aerodynamics in the sudden crosswind condition have been discussed.
Nomenclature

A
angle of the steering wheel (rad.).
C equivalent damping coefficient of a steering system (N m s/rad).
C Sm model coefficient of Smagorinsky model for SGS turbulence model (-).
C S lateral force coefficient of the vehicle (-).
C ym yawing moment coefficient of the vehicle (-).
l f , l m , l r distances from the center of gravity to the front, middle, and rear axles of the vehicle (m), respectively. f ri inertial force on a non-inertial reference frame in the i-th direction (m/s 2 ).
H r model constant of a driver's reaction model (N).
I equivalent inertia moment of the steering system (kg m 2 /rad).
I z yaw inertia moment of the vehicle around its gravity center (kg m 2 ).
K st equivalent elastic coefficient of the steering system. m mass of the vehicle (kg). T r time interval for a delay of human reaction (s).
T SAT,ij self-aligning torque of the tire (Nm).
U,V longitudinal and lateral velocities of the vehicle (m/s).
V CW crosswind velocity (m/s).
V CW,max maximum crosswind velocity (m/s).
V R relative speed between the air and a vehicle (m/s).
x i coordinates in the i-th direction on a non-inertial reference frame (m).
X,Y absolute coordinates of vehicle's gravity center (m).
w aerodynamic yaw angle (rad.)  steering angle of front wheels of the vehicle (rad.).
 dynamic viscosity of the air (m 2 /s).
SGS sub-grid scale eddy viscosity (m 2 /s).
 yaw angle of the vehicle (rad.).
 predictable course deviation (m).
 predictable time (s). 
Numerical methods
Target vehicle and situation
The target vehicle of the coupled analysis in the present study is a simplified truck model developed in our previous study [11] . This model is based on the geometry of a 25-ton-class real commercial truck; its details are simplified to reduce the computational cost of the coupled analysis. The dimensions of the target truck are 12.0 m (length) × 2.54 m (width) × and 3.75 m (height). The weight of the simplified truck is assumed to be 9000 kg under a no-load condition. The center of gravity and the yawing moment of the inertia of the truck are determined using a general weight balance of the sameclass heavy-duty trucks, which was updated from our previous vehicle dynamics analyses [10, 12] for a more realistic simulation.
The vehicle is assumed to move straight ahead at a constant speed of 25.1 m/s; it is driven into and out of a crosswind region, and V CW,max is set to the same value as the vehicle speed. Accordingly, the relative yaw angle of the vehicle with respect to the incoming flow drastically changes from 0° to 45°
and then returns to 0° when the vehicle exits the crosswind region. As a result of the unsteady aerodynamic forces caused by the crosswind, the vehicle drifts in the lateral direction and deviates from the original path; then, the driver model attempts to return the vehicle to its original track. The length of the crosswind region is set to approximately 50 m, which is approximately four times the vehicle length. Figure 1 shows the overview of the simplified truck geometry and a schematic representation of the target situation.
Governing equations
The governing equations of both fluid dynamics and vehicle dynamics analyses are mentioned in this section. After the description of each analysis model, the coupling of the two analyses will be mentioned.
Governing equations of fluid dynamics analysis
The incompressible Newtonian fluid is assumed, and the governing equations of fluid motion are given by the spatially filtered continuity and Navier-Stokes equations. Because of the high-Reynoldsnumber turbulence around the vehicle, a relatively high-wave-number turbulence that is impossible to capture by the allocated numerical grids is expressed by the sub-grid-scale (SGS) stress. To treat the vehicle motion in the fluid dynamics analysis, two numerical methods are adopted. The vehicle's horizontal translation motion is expressed by the Navier-Stokes equations in a non-inertial reference frame fixed on the vehicle's center of gravity. Thus, the vehicle's lateral and longitudinal motions are implicitly treated through the inertial force appearing in the Navier-Stokes equations. On the other hand, the vehicle's yawing, pitching, rolling, and vertical translation motions are estimated on the basis of the deformation of the computational grid. We have adopted the arbitrary Lagrangian-Eulerian (ALE) method for this purpose. Figure 2 shows the definitions of a coordinate system for the fluid dynamics analysis. The origin of the coordinate system is fixed at the center of gravity of the vehicle. However, the directions of the coordinate axes are not changed by the vehicle's yawing rotation. The directions x 1 ,
x 2 , and x 3 were defined as the longitudinal, lateral, and vertical directions of the vehicle on the straight pathway, respectively. The application of the SGS turbulent eddy viscosity model to the governing equations leads to the following:
where f r,i is opposite in sign to the translational acceleration of the vehicle in the ith direction.
As the SGS turbulent model for  SGS in Eq. (2), the standard Smagorinsky model [13] is applied as follows:
where  is estimated by the third root of its volume. C Sm is set to be 0.15, which is a verified value in an external flow around a simplified scale-model of a vehicle [8] . f d is explained by the Van Driest-type damping function as follows:
Governing equations of vehicle dynamics analysis
To simplify the problem in the vehicle dynamics analysis, the vertical motion of the vehicle is restrained and the pitching and rolling motion around the rotational center are assumed to be balanced statically. Figure 3 shows the definitions of a coordinate system for the vehicle dynamics analysis. As shown in Fig. 3 (a) , the origin of the coordinate system is fixed at the center of gravity and the coordinate axes are defined by the longitudinal, lateral, and horizontal axes of the moving vehicle. A similar equation system is validated for the vehicle motion of a compact car by Maruyama and
Yamazaki [4] , although the present system has been extended for a vehicle with six tires.
Based on the abovementioned assumption, the governing equations of the vehicle dynamics analysis become the motion equations of the moving vehicle in the lateral, transversal, and yawing directions as indicated below: 
The relations among tire forces and their directions are also shown in Fig. 3 . As shown in Fig. 3 (b In general, Fy ij and T SAT,ij depend on the load on the tire and the slip angle between the directions of the vehicle motion and the tire. Fx ij depends on the load and the speed ratio between the tire rotation and the vehicle motion. Considering these dependencies, a magic formula model [14] is adopted to estimate the tire forces and SAT. Its model coefficients are determined from the experimental database.
In order to consider the driver's control when the truck runs off the target course, the second-order predictable correction model proposed by Yoshimoto [15] is adopted to determine the steering action of the driver. In this model, the future position of the vehicle after seconds is predicted from its current position, velocity, and acceleration. The driver's reaction is considered to be a steering force F d , which is proportional to the predictable course deviation  with the proportionality factor H r :
Moreover, in order to represent a time delay in the human reaction, the reaction is assumed to be discrete [15] , and the steering force is evaluated at intervals of T r seconds.
The steering action of the driver affects the steering angle of the front tires through the rotational motion equation of a steering system given as follows:
Finally, the steering angle of the front wheel is evaluated as follows:
The parameter values are listed in Table 1 . Parameters H r , , and T r related to the driver's reaction were validated for a compact car in Maruyama and Yamazaki [4] . The parameters of the steering system are determined by up-scaling the parameters of a compact car in Maruyama and Yamazaki [4] to those of a heavy-duty truck. On the basis of the steering radius and the steering ratio generally used in the sameclass heavy-duty trucks, the equivalent inertia moment and the equivalent damping coefficient are set to analysis. Simultaneously, the aerodynamic drag force, side force, and yawing moment in Eqs. (7)- (9) are input from the fluid dynamics analysis into the vehicle dynamics analysis. All six aerodynamic components are also input into the estimation of the static balance to determine the load on the tires.
Computational conditions
Computational domain and boundary conditions
The computational domain is defined as a rectangular duct with the length, width, and height of A uniform main flow of -25.1 m/s is imposed at the main inlet, which represents the relative velocity of the surrounding air with respect to the vehicle moving forward in a straight line. Then, the stepwise velocity profile shown in Fig. 1 is imposed on the sidewall as a lateral velocity condition, which traverses downstream at the same speed as the main inlet to reproduce the gusty crosswind. The details of this numerical technique for the sudden crosswind conditions are given in our previous reports [11, 16] . Furthermore, both the longitudinal and the lateral flow velocities uniformly shift with the change in the vehicle's translational velocity because of the non-inertial reference frame approach.
On the surface of the vehicle body, the yawing rotation is considered to be the Dirichlet condition of the velocity, and a wall model based on a logarithmic law of a fully developed turbulent boundary layer is applied to estimate the wall friction. The top and the bottom boundaries of the domain are treated as a free-slip wall, and a boundary behind the vehicle is treated as a free-outlet boundary with a gradient-free condition.
Numerical schemes
The governing equations of the fluid dynamics analysis are spatially discretized by a vertexcentered unstructured finite volume method. The SMAC algorism is employed for the pressure-velocity coupling. A second-order central difference scheme is applied for obtaining the spatial derivative and blended with 5% convective flux of a first-order upwind scheme for obtaining the convective term in the conservation equation of momentum in order to avoid numerical oscillation. Further, a third-order upwind scheme with Venkatakrishnan's limiter is applied only to the front region of the truck in order to avoid an overshoot of the lateral velocity profile before the crosswind region comes into contact with the vehicle. The second-order Adams-Bashforth scheme is adopted for time integration, and the time interval is set at 5.0 × 10 -5 s. Figure 5 shows the computational grid of the present fluid dynamics analysis. The number of vertices is approximately 3.3 million, and the number of elements is approximately 18.7 million, which mainly consists of tetrahedral elements. The other hexahedral, prism, and pyramid elements are only allocated near the boundary of the domain. By reproducing the yawing rotation of the vehicle using the ALE method, we rotate the surface grids on the vehicle in the yawing direction around the center of gravity. In order to avoid the excessive distortion of grids, the surrounding grids are also deformed using a spring analogy method. The details of numerical treatments of the ALE method in the computational code are described in [8] .
For the numerical integration of the governing equations of the vehicle dynamics analysis, we adopt the fourth-order Runge-Kutta method. The motion equation of a steering system is also numerically integrated by the same method. The discretized time period is 5.0 × 10 -5 s, as in the aerodynamics analysis.
The numerical analyses of the fluid dynamics and the vehicle dynamics are simultaneously conducted with the same time interval of the discretizations, as previously described. Their outputs are explicitly exchanged with each other at every time step.
Initial condition
By preparing the initial condition of the coupled analysis, we conduct a preliminary fluid dynamics simulation in a steady state without crosswind. This simulation begins from the uniform pressure and velocity field and is terminated after 1.5 s when the turbulent flow field around the truck develops. The coupled analysis is started from this developed flow field.
Analysis software
Numerical simulations are conducted using the LES code FrontFlow/red-Aero. The base code FrontFlow/red was optimized for HPC [6] , and its accuracy on the steady aerodynamics analysis of a road vehicle has already been discussed and validated in our previous studies [6, 11] . An aerodynamics analysis of the ASMO (Aerodynamicsches Studien Modell) vehicle model has been conducted on two different computational grids with different spatial resolutions, and the pressure distribution and its convergence has been quantitatively validated by a comparison with the experimental data [6] . In [6] , insufficient grid resolution for boundary layer on the vehicle model did not cause significant distortion on the prediction of the mean pressure distribution. Its effect was restrictive in the pressure distribution and it was only observed around a trailing edge of the vehicle body as a spatial pressure oscillation. The flow structures around a full-scale vehicle have also been validated by comparing total pressure distributions with a wind-tunnel measurement of a real sedan-type vehicle [6] . The steady aerodynamics analysis of a heavy-duty truck has also been validated using a real commercial truck [11] , which was the origin of the simplified truck geometry. The grid resolution on the truck body was comparable to the present simulation, and the predicted aerodynamic drag force was validated by a full-scale wind-tunnel measurement with an error within 9% at some yaw angles from 0° to 10°. The main problem causing this quantitative error was an inaccurate prediction of the friction force acting on the truck body caused by the insufficient grid resolution for the boundary layer. However, in the present study, we focus on the unsteady aerodynamics mainly caused by the vortex shedding from the edge of the truck body, and the inaccurate prediction of the friction is not a critical problem. The unsteady pressure force is expected to be predicted without a significant distortion, as discussed in the ASMO model analysis [6] .
Parallel optimization
The computational costs of the coupled analysis of unsteady aerodynamics and vehicle motion are higher than those of the general LES of vehicle aerodynamics in a steady state because the turbulent phenomena around a vehicle have a considerably shorter time scale than the vehicle motion, and hence, a significantly large number of time steps have to be simulated. In order to realize the coupled analysis, the code FrontFlow/red-Aero is optimized again for a relatively large-scale parallel computer in the present study.
Code optimization
The parallel optimizations of the code have been conducted on a parallel supercomputer Furthermore, the grid deformation process using a spring analogy in the ALE method is optimized for a large parallel processor. To reduce the computational and communication costs in the iterative solver for the spring analogy method, a key-frame technique is introduced. In this technique, the grid deformations at the typical attitude of the vehicle are calculated preliminarily; the displacements of the grid points, called key-frames, are stored for each process before the beginning of the coupled analysis.
Then, in the coupled analysis, the instantaneous displacement of the grid points is linearly interpolated from the nearest two key-frames at every time step; no communication is necessary for this process.
Execution of coupled analysis
Finally, the coupled analysis is conducted on the 16 nodes/256 CPUs of the SR11000. The coupled simulation of the fluid and the vehicle dynamics for 10 s of physical time take approximately 100 h of wall-clock time.
Results and discussion
Steady aerodynamics analysis
Before conducting the coupled analysis, we conducted the steady aerodynamics analyses at various yaw angles. The yaw angle was set at every 5° from 0° to 45°. In these analyses, the velocities imposed on the front and side boundaries were constant and uniform for the steady yaw angle condition, and the other computational conditions, setups, and methods were the same as those of the coupled analysis.
The time-averaged aerodynamic coefficients in each condition are shown as points in the graphs of 
respectively.
Based on these results, the approximate polynomials of the aerodynamic coefficients in  w are determined by the least-square method. The constructed approximate curves are also given in Fig. 7 . The approximate polynomials are constructed not only for these two components but also for all six components; these polynomials are applied to estimate the aerodynamic forces and moments in the conventional vehicle dynamics analysis on the basis of the quasi-steady aerodynamics described below.
Aerodynamics in coupled analysis
Next, the coupled analysis of unsteady aerodynamics and vehicle motion is conducted. As a result of the fluid dynamics simulation in the coupled simulation, the time series of the aerodynamic yawing moment and the side force are shown in Fig. 8 . The conventional vehicle dynamics analysis based on the steady aerodynamic database is also conducted under the same sudden crosswind condition in order to compare it with the coupled analysis and to clarify the effects of the unsteady aerodynamics. The results of the conventional analysis are also shown in the figures.
In the conventional analysis, the aerodynamic yaw angle w is calculated at every time step from the vehicle velocity and the crosswind velocity at the center of gravity of the truck, which is given by the profile shown in Fig. 1 . The aerodynamic forces and moments are evaluated by using the approximated polynomial of the aerodynamic coefficients in the  w calculated above. The evaluated forces and moment are input into the motion equations (7)- (9), and the vehicle's motion in the next time step is determined.
The yawing moments M w,z in Fig. 8 (a) exhibit considerably different behaviors in the two analyses. In the coupled analysis, in which the transient phenomena are considered, the yaw moment has high positive and negative peaks. These peaks are caused by the crosswind acting on the front half and the rear half of the truck as the truck is driven into and out of the crosswinds, respectively. On the other hand, in the conventional analysis with the quasi-steady aerodynamics evaluation, the yawing moment exhibits an almost monotonic decrease and increase because the crosswind velocity and the aerodynamic yaw angle are determined at the center of gravity and the crosswind effect appears only after the center of gravity of the truck is driven into the crosswind.
The lateral forces F w,y in Fig. 8 (b) exhibit a similar profile in the two analyses, although they show different gradients at the edges of the step. The force monotonically increases as the truck is driven into the crosswind region and decreases to zero as the truck exits the region. The differences in the gradients are also caused by transient aerodynamics. In the coupled analysis, the crosswind effect takes a longer time to reach the steady state than that in the conventional analysis because, in the former case, the crosswind first acts on the front part of the truck and then its effect gradually spreads to the tail part. Figure 9 shows the snapshots of the pressure and lateral velocity fields around the truck. Here, the lateral velocity v 2 is not the velocity u 2 on the non-inertial reference frame but the velocity on a rest frame. Figure 10 shows the surface pressure on the lateral surface of the truck in the fully coupled simulation. Both figures give values at typical instances from t = 0.2 s to 4.0 s.
Flow field visualization
In the still air at t = 0.2 s, the pressure and velocity fields are almost symmetric, and the truck is on the straight path Y = 0, which is shown by the black dotted lines in the figures. At t = 0.88 s, when the yaw moment reaches the positive peak, the front half of the truck is subjected to the crosswind, which is shown as a high lateral velocity. The asymmetric pressure distribution around the cabin appears although the separation on the leeward side is not enhanced at this moment. When the entire truck is subjected to the crosswind at t = 2.0 s, a large separation region appears on the leeward side and a fluctuating pressure distribution is observed on this side of the lateral surface. The high-pressure region on the windward side of the truck spreads widely on the container. At t = 2.87 s, when the yaw moment reaches the negative peak, the front half of the truck is exiting the crosswind. The pressure on the cabin recovers its symmetric property in spite of the fluctuating low pressure on the leeward side caused by the remaining separation of the flow. The high pressure on the windward side of the container also remains.
Finally, at t = 4.0 s, the velocity field recovers its symmetrical property; the small asymmetric property remaining in the pressure fields is caused by the lateral motion of the vehicle.
Vehicle motion in coupled analysis
The time series of the lateral displacement and the yaw angle of the vehicle are plotted in Fig. 11 .
Here, the lateral displacement implies a course deviation because a straight path is assumed in this analysis. For reference, the results of the conventional analysis are also plotted. In the coupled analysis, the yaw of the vehicle begins to increase when it reaches the crosswind region around t = 1 s, and the vehicle begins to deviate from the original path. The lateral displacement continues to increase after the vehicle exits the crosswind region until t = 5 s, while the yaw angle has a value of around 4° until t = 4 s. The yaw angle drastically decreases because of the steering action of the driver.
A significant difference in the yaw angle between the quasi-steady analysis and the coupled simulation is identified. The difference in the initial response to the crosswind around t = 1 s is particularly remarkable. This difference is caused by the different behavior of M w,z shown in Fig. 8 ; the transient aerodynamics that appears as the positive peak of M w,z leads to the positive yaw angle in the initial response. In contrast, the other typical transient aerodynamics represented by a negative peak of M w,z when the vehicle exits the crosswind, leads to a gradual gradient of the yaw angle around t = 3 s.
With regard to the lateral displacement, the maximum difference is observed to be 0.83 m at T = 3.2 s. As for the maximum displacements around t = 5.8 s, the quasi-steady analysis predicted a deviation 0.53-m larger than that in the coupled analysis. These differences in the yaw motion and lateral deviation indicate the effects of unsteady aerodynamics on vehicle motion, which are significant for a precise estimation of the trajectory of a vehicle subjected to a gusty crosswind.
In terms of the evaluations of the vehicle's running stability or drivability, the differences in the two analyses are also significant. The yaw rate d/dt is one of the most famous index parameter for the evaluation of the stability and the drivability of a road vehicle in the field of automobile engineering.
The amplitude of the steering wheel angles A is reported as a parameter strongly related to the driver's perception of the running stability in crosswinds [17] . The behaviors of these two variables are shown in Fig. 12 . The yaw rates exhibit completely different behaviors between the two analyses when the vehicle is subjected to the crosswind. The maximum difference of the steering wheel angles is observed to be 35° at t = 2.2 s and 4.0 s. Its positive extremum in the coupled analysis is 2.5 times smaller than that in the quasi-steady analysis. These differences indicate the importance of the effects of unsteady aerodynamics on the evaluation of the stability and drivability of a vehicle subjected to a gusty crosswind.
Conclusions
In the present study, we developed an unsteady aerodynamic simulator of a road vehicle by accomplishing the fully coupled analysis of vehicle motion and the transient flow around the vehicle. In order to consider the vehicle's motion in the unsteady fluid dynamics analysis, the ALE method for the rotational motions and the non-inertial reference frame method for the translational motions were introduced together. To realize the coupled analysis of a full-scale vehicle with a complicated geometry, it was necessary to conduct an LES analysis for a long period of time using large-scale computational grids. Therefore, the LES code was optimized for a massively parallel processor; the modified code achieved the linear acceleration of the computational speed of up to 1000 cores.
The developed unsteady aerodynamics simulator of a road vehicle was applied to the case when a heavy-duty truck was subjected to a sudden crosswind. The obtained results were compared with the results of a conventional quasi-steady analysis. We identified certain differences in the vehicle path and the yaw angle between the quasi-steady and the fully coupled analyses. The differences in the variables related to a driver's feeling were also significant. These results clearly indicated the importance of estimating the unsteady aerodynamic forces in a vehicle motion analysis. 
